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Sleipner CO, storage

Reservoir unit at 800-
1100 m depth

One CO, injector

Over 12 Million tons
CO, have been
injected

Norway can store 50
Gtons offshore (NPD)

Yearly global emission
was 32 Gtons in 2010
and 40 Gtons in 2014...




Sleipner CO,
monitoring

* Seismic monitoring data indicates a
northerly extension to the plume,
especially in the uppermost layer 9
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avity data: 30 repeated gravity measurement
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Time lapse gravity - Sleipner CO, plume

Smoothed time-lapse gravity compared with model predictions

Gravity (uGal)
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1ple rock physics model for Sleipner CO,-Injec
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gy for how to combine time lapse seismic and

CO,- CO,- Spatial

saturation |saturation |resolution
0-0.3 0.3-1

Seismi

C

Gravit
Yy

Spatial resolution is most important =>

1. Use time lapse seismic to estimate saturation changes
up to 0.3

2. Use time lapse gravity in areas where seismic
estimates are above 0.3 or where there is a seismic




2 Japse AVO for density and velocity estimatio
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Calibration step 1

erage value of 0.06 obtained by multiplication with 0.02
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Modeled zero offset
response from well log
iInput: -0.06

=> Use a global scalar
of 0.02 to achieve this



Far offset calibration (step 2)

Q-value fitted by trial and error until a good

match with modeled AVO-response is obtained -

shown in next slide

6 Near 2001-2008 _ Far 2001-2008 Q=06 Far 2001-2008 Q=80
8

L |

B0.15

10.1

0.05




Calibration of seismic data - determining Q
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Notice: Q=80 will fit both 0-0.2 and 0-0.3 scenaric



Estimating the 1999-2001 saturation change

The maximum value for this difference is 0.1, which corresponds to

AR=-01= —=>—=-0.2

200

(94

> AS.,, =0.1

s RMS 2001 _ _,,s QRM>52001l-mean . sponding saturation
el - i ol 5 A -oximately 0.1. This
5:‘*‘13_ : | 00g3S @n initial guess for the
B i ‘ 1, without further
- SR 10.1
s o 1006 o4
4 S.015
004 S
10.05 2 0.2 Velocity
002 Fom ghange
28 03
0.“ . v 0351 02 03 04 05 06
CO2-saturation
Ao Ao

scaling factor is 1, and the RMS 2001-méan =



Saturation changes for the upper layer 2001-2008

smoothed
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Using a thick RMS window: 850-1100 ms
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Note: A new global scalar was determined (0.00),
and the Q kept constant at 80

m: NO SIGNAL BELOW PLUME IN 2001 - shadow effect and the 0.



Gravity data and constrained inversion
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ircles are gravity measurements - size proportional to gravity change
jround color map represents MODELED responses from estimated saturation che

strained inversion gives a better fit to the measured gravity dat



Inversion - LS error

Assume that the spatial distribution suggested by the time lapse
seismic inversion is OK, and simply scale this distribution by one single

scal?r in the shadow zone => scalar = 2.4
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Before and after using gravity data
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Gravity change (2002-2008) versus radial distance

from the injection point compared to modeled results

(5.88 Mtons injected)
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Effect of increasing the global scalar by
30 %
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Effect of increasin Q from 80 to 100
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Estimated density changes
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Saturation changes and density changes - compared

dp =(py = Pcoz) - dS
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Almost proportional...



Conclusions

Stacked layers of CO2 represents a
huge challenge for quantitative
saturation estimation from 4D AVO

Top layer analysis gives reasonable
results

Practically no change in seismic data
for saturation changes above 0.3

A constrained gravity-seismic
inversion is used to improve results in
the seismic shadow zone

The LS error between initial

changes) and final saturation chs. !

(seismically derived saturation
[ | l”ﬁ
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Gravity signal [uGal]
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Time lapse gravity results
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iIsmic data sets used: 3D from 2001 and 2008
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The anomaly in the lower right corner..
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